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Mouse mutants have been proven to be a valuable system to analyze the molecular network governing vertebrate limb
development. In the present study, we report on the molecular and morphological consequences of the Fused toes (Ft)
mutation on limb morphogenesis in homozygous embryos. We show that Ft affects all three axes as the mutant limbs
display severe distal truncations of skeletal elements as well as an anteroposterior and an unusual form of dorsoventral
polydactyly. Ectopic activation of the Shh signalling cascade in the distal-most mesoderm together with malformations of
the AER likely account for these alterations. Moreover, we provide evidence that a deregulated control of programmed cell
death triggered by Bmp-4 and Dkk-1 significantly contributes to the complex limb phenotype. In addition, our analysis
reveals a specific requirement of the genes deleted by the Ft mutation in hindlimb morphogenesis. © 2002 Elsevier Science (USA)
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The vertebrate limb serves as a model system to study the
molecular mechanisms underlying morphoregulatory pro-
cesses. Classical embryological studies performed in the
chick embryo revealed three signalling centers that govern
patterning of the limb bud. The apical ectodermal ridge
(AER), a specialized rim of ectoderm located at the distal tip
of the bud, guides the proximodistal (P/D) outgrowth (Saun-
ders, 1948). This structure is a source for members of the Fgf
family of secreted signalling molecules, which are thought
to be the basis of the AER activity (Niswander et al., 1993;
Fallon et al., 1994; Crossley and Martin, 1995). Fgf-8 is
expressed throughout the AER from early stages of limb
development on, whereas Fgf-4 shows a posterior restric-
tion (reviewed in Martin, 1998). Fgf-8 acts positively on the
expression of Fgf-10 in the distal mesoderm, which in turn
maintains Fgf-8 expression in the ridge, establishing a
positive feedback loop that ensures P/D outgrowth (Ohuchi
et al., 1997). A second signalling center, the zone of polar-
izing activity (ZPA), is located in the posterior mesoderm
and determines the number and identity of digits that
develop (Saunders and Gasseling, 1968; Tickle et al., 1975).
Shh is expressed specifically within the ZPA and can
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All rights reserved.mimick its activity (Riddle et al., 1993; Lopez-Martinez et
al., 1995; Yang et al., 1997). A positive feedback loop exists
between Shh and Fgf-4 in the AER that couples the activi-
ties of the two signalling centers (Laufer et al., 1994;
Niswander et al., 1994). The positive effect of Shh on Fgf-4
expression is relayed by Gremlin, a potent Bmp antagonist
(Zuniga et al., 1999). The third signalling center is repre-
sented by the non-AER-ectoderm that largely controls pat-
tern formation of the dorsoventral (D/V) axis. Wnt-7a is
expressed in the dorsal ectoderm and determines dorsal fate
in the distal limb through the regulation of the transcrip-
tion factor Lmx-1b, which is specifically activated in the
dorsal mesoderm (Dealy et al., 1993; Parr et al., 1993;
Riddle et al., 1995; Vogel et al., 1995; Chen et al., 1998).
Moreover, En-1, a homeodomain transcription factor which
is active in the ventral ectoderm, represses the dorsal
system consisting of Wnt-7a and Lmx-1b (Davis et al., 1991;
Gardner and Barald, 1992; Loomis et al., 1996; Logan et al.,
1997).
Studies performed in the chick and mouse embryo have
demonstrated that the molecules released by the signalling
centers interact with each other to coordinately control
limb development along all three axes (for review see
Johnson and Tabin, 1997; Schwabe et al., 1998).
After the basic pattern has been established, mesodermal
cells condense to give rise to the digital rays which subse-To whom correspondence should be addressed. Fax: 49-211-
quently differentiate into bone by endochondral ossifica-
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tion (for review see Erlebacher et al., 1995). The final shape
of the limb is then elaborated by programmed cell death
(PCD), eliminating cells between the differentiating carti-
lages (Hurle et al., 1996). Both processes, bone formation
and the induction of PCD, are triggered by members of the
bone morphogenetic protein (Bmp) family (Yokouchi et al.,
1996; Zou and Niswander, 1996; Pizette and Niswander,
1999, 2000).
A challenge in studying vertebrate limb development is
to understand how the signalling molecules are integrated
into the physiological context. Mouse mutants have been
proven to be valuable tools for investigating these regula-
tory mechanisms in more detail. A number of mutants exist
which show alterations in digit number with respect to the
anteroposterior (A/P) axis. The preaxial polydactyly in the
mutant limbs is obviously caused by the ectopic formation
of an anterior ZPA as Shh and numerous of its target genes,
e.g., Ptc-1 and Fgf-4, are misexpressed at the anterior margin
in the affected limb buds (Chan et al., 1995; Bu¨scher et al.,
1997; Masuya et al., 1995, 1997).
The Fused toes (Ft) mutation is a 1.6-Mb deletion on
mouse chromosome 8 that eliminates six genes. Among
those are three members of the Iroquois (Irx) family of
homeobox genes, Irx-3, -5, and -6, which comprise the IrxB
cluster (Peters et al., 2002). Mice heterozygous for the Ft
mutation are characterized by a syndactyly of digits 1–4 in
the forelimbs (Heymer and Ru¨ther, 1999). An upregulation
of Bmp signalling in this region together with a loss of Fgf
activity in the distal AER likely represents the cause of this
phenotype (Heymer and Ru¨ther, 1999). Here, we present the
morphological and molecular analysis of limb development
in homozygous Ft/Ft embryos. We provide evidence that
aspects of the severe phenotype, including an anteroposte-
rior as well as an unusual type of dorsoventral polydactyly
which, in this form, has not been described in any other
mouse limb mutant before, are due to a deregulation of the
genetic programs controlling proliferation and PCD.
MATERIALS AND METHODS
Embryos
The Ft mutation was generated by a transgene integration using
F2(C57Bl/6  SJL) embryos (van der Hoeven et al., 1994). Ft
mutants were then backcrossed to C57Bl/6 for more than 20
generations. For the present study, they were crossed into a mixed
C3H genetic background. Embryos from timed matings were
isolated at the desired stages. Noon of the day of vaginal plug
appearance was considered as E0.5. Homozygous embryos were
readily identified by their phenotype. Additionally, PCR on yolk
sac DNA was carried out by using the following primers: Ft:
5-GTCCTTTCTCCATGGGTATG-3, Wt: 5-GTGGAACCCTT-
CTGTACATG-3, Ft/Wt: 5-CTGAAAGGTTGTACTGAGCC-3,
which allowed to discriminate between the three genotypes.
Cartilage Staining
For bone–cartilage staining, embryos were fixed in 80% ethanol
for 24 h and subsequently incubated in 96% ethanol for 24 h and in
aceton for 1–3 days. They were stained in Alizarin Red S (Sigma,
0.1% in 95% ethanol)/Alcian blue 8GX (Sigma, 0.3% in 95%
ethanol) for 6 h at 37°C with shaking. This was followed by an
incubation in 96% ethanol for 1 h and in 1% KOH until the
skeletal structures were completely visible. Finally, specimens
were transferred to 20, 50, 80, and 100% glycerin for storage.
In Situ Hybridization
Whole-mount RNA in situ hybridizations were carried out
essentially as described (Xu and Wilkinson, 1998) by using the
following probes: Alx-4 (PCR product of nucleotides 1011–1734 of
Alx-4 cDNA), Bmp-4 (Jones et al., 1991), dHAND (Charite´ et al.,
2000), Dkk-1 (Grotewold et al., 1999), Fgf-8 (Crossley and Martin,
1995), Fgf-10 (kind gift from Dr. J. Heymer), Gdf-5 (PCR product of
nucleotides 1679–2269 of Gdf-5 cDNA), Gremlin (Zuniga et al.,
1999), Lmx-1b (Parr et al., 1993), Msx-2 (Grotewold and Ru¨ther,
2002a), Noggin (Brunet et al., 1998), Pax-9 (Neubu¨ser et al., 1997),
Ptc-1 (PCR product of nucleotides 1733–2216 of Ptc-1 cDNA), Shh
(Echelard et al., 1993), Sox-9 (Morais da Silva et al., 1996), Tbx-2
(Gibson-Brown et al., 1996), and Wnt-5a (Yamaguchi et al., 1999).
Histological Techniques
For hematoxylin and eosin staining and for TUNEL assay,
samples were fixed in 4% paraformaldehyde and processed for
paraffin-embedded sectioning (14 m) using a Leica RM2035 mic-
rotome.
Detection of apoptotic cells on sections was performed by using
the “APOPDETECT Plus Peroxidase In situ Apoptosis Detection
Kit” (Q-BIOgene) according to the manufacturer’s instructions.
Samples were counterstained with methlygreen.
For 100-m sections, samples were embedded in 3% agarose and
sectioned on a Leica VT1000S vibratome.
RESULTS
Morphology of Ft/Ft Limb Buds
Homozygous Ft/Ft embryos die between E9.5 and E12.5
on C57Bl/6 and NMRI genetic backgrounds, preventing a
detailed analysis of potential limb malformations. By cross-
ing the Ft/mice into a mixed C3H background, survival of
some homozygous embryos until E14.5 could be achieved
(K. Ausmeier and U.R., unpublished observation). In order
to characterize limb development in these embryos, we
performed bone–cartilage staining of E14.5 limb buds. The
most obvious alteration of E14.5 mutant limbs was an
extreme P/D shortening as well as a massive accumulation
of cells at the distal tip of the autopod (Figs. 1A and 1B). The
cartilage staining revealed that the digit anlagen were
distally truncated, completely lacking phalangeal elements.
Only the most proximal skeletal elements of the autopod,
most likely representing the metacarpals, formed in the
mutant forelimbs (Fig. 1A). Sox-9 expression showed that
the truncations of the digit rudiments were already appar-
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ent at E13.5 (Fig. 1C). These alterations did not affect the
posterior digit, which developed rather normal until this
stage (Figs. 1A and 1C). Also, the bones of the zeugopod did
not form properly in Ft/Ft embryos. Figure 1A shows the
shortening as well as an abnormal bending of radius and
ulna. In addition to the aforementioned alterations, the
hindlimbs displayed a specific feature as they lacked ante-
rior skeletal elements. The tibia was absent in all embryos
examined and digit 1 or 1  2 were missing (Fig. 1B).
Moreover, the in situ staining for Sox-9 transcripts revealed
irregular condensations within the anterior/distal hindlimb
mesoderm (Fig. 1C). However, these aggregates did not
seem to differentiate into mature cartilage as no Alcian blue
staining could be detected in the corresponding region 1 day
later (compare with Fig. 1B). An intriguing feature of the
Ft/Ft forelimbs is a duplication of the metacarpal bones
with respect to the D/V axis (Fig. 1D). This duplication can
concern single (Fig. 1H) or multiple (Figs. 1D and 1I) digit
anlagen. This phenotype was already apparent at E12.5
through the expression of Noggin, which marks the digital
rays (Figs. 1E and 1F). Moreover, the number of digital
elements can exceed five in the A/P axis in Ft/Ft forelimbs
(Fig. 1D). As shown in the cross-sections in Figs. 1G–1I, the
ectopic bulge of tissue at the distal tip leads to an extreme
broadening of the D/V diameter of the Ft/Ft autopod, which
is particularly pronounced in the anterior part of the mu-
tant limb. In order to analyze joint development in those
limb buds, we carried out Gdf-5 expression analyses. At
E14.5, Gdf-5 is expressed in all developing joints within the
digital rays in the wild-type (Fig. 1K). In age-matched Ft/Ft
limbs, this pattern of expression was severely disrupted.
Only the posterior digit showed transcription of Gdf-5 in
the characteristic stripes representing the so far formed
joints (Fig. 1L), supporting the previous notion that this
digit is not significantly malformed (see above). All other
digit anlagen completely lacked Gdf-5 transcripts. Instead,
the gene was highly expressed in the mesoderm between
the differentiating cartilages (Fig. 1L).
Anterior Mesoderm Is Specified but Not
Completely Maintained in Ft/Ft Hindlimbs
We aimed at analyzing whether the loss of anterior
skeletal elements in the hindlimbs might be due to a failure
to specify the anterior mesoderm. Therefore, we investi-
gated the expression of Alx-4, which is genetically down-
stream of Gli3 and marks anterior mesoderm from early
stages on (te Welscher et al., 2002). We found no alterations
of the Alx-4 expression pattern in Ft/Ft hindlimb buds from
the beginning of hindlimb morphogenesis until E10.5
(shown for E10.25 in Fig. 2A). At E11.5, however, a clear
difference to the wild-type situation could be observed. At
this time point, Alx-4 was dramatically downregulated in
Ft/Ft hindlimb buds and the distal part of the Alx-4 expres-
sion domain was completely lacking (Fig. 2B). We also
analyzed the expression of Pax-9, which in the wild-type is
expressed in the anterior mesoderm in fore as well as
hindlimbs at E11.5 (Figs. 2C and 2D). While this expression
domain was unchanged in the Ft/Ft forelimb buds (Fig. 2C),
it was completely absent in the hindlimbs at this stage (Fig.
2D).
We conclude that specification of the anterior mesoderm
in Ft/Ft hindlimbs occurs; however, a great part of this
tissue is not maintained by E11.5.
Tibial agenesis has also been reported in mice overex-
pressing dHAND in the limb mesoderm (Charite´ et al.,
2000). Thus, we analyzed whether its expression domain
might be expanded in Ft/Ft hindlimbs. At the relevant
stages of development, dHAND expression was, however,
unchanged as compared with the wild-type (shown for
E10.5 in Fig. 2E). Thus, the lack of anterior mesoderm (from
which the tibia arises) cannot be explained by alterations in
dHAND expression.
Wnt-5a Expression Is Upregulated in Ft/Ft
Limb Buds
The distal truncations of the digit rudiments in Ft/Ft
autopods share similarities to the limb phenotype of Wnt-
5a/ mice, which also exhibit a complete absence of distal
phalanges (Yamaguchi et al., 1999). Therefore, we analyzed
the expression of Wnt-5a in Ft/Ft forelimb buds. As shown
in Fig. 3A, transcription of this gene was anteriorly ex-
panded in the distal mesoderm in mutant limb buds at
E12.0. Half a day later, the expression level in the distal
autopod was drastically increased compared with an age-
matched wild-type limb bud (Fig. 3B). Moreover, ectopic
activation of Wnt-5a in the anterior-most mesoderm, which
is devoid of Wnt-5a transcription in the wild-type, could be
observed (Fig. 3B). Strikingly, the posterior-most part of the
mesoderm in Ft/Ft limb buds, which develops apparently
normal (see above), lacked Wnt-5a expression (Fig. 3B).
Thus, in spite of the similarities to Wnt-5a/ limb buds,
the alterations in Ft/Ft appendages are not due to decreased
Wnt-5a expression. In contrast, Wnt-5a is even upregulated
in the Ft/Ft limb buds.
Alterations of AER Structure and Fgf and Bmp
Signalling in Ft/Ft Limb Buds
The distal truncations described above suggested an al-
teration in AER structure and/or function. In order to
analyze this issue, we performed in situ hybridizations
using an Fgf-8 probe. This revealed several alterations in the
homozygous mutant forelimb buds. Figure 4A shows that at
E11.5 the expression of Fgf-8 started to fade from the central
part of the AER, whereas it was normally maintained in the
posterior AER. In contrast, transcription of this gene was
even upregulated at the anterior end of the AER (Fig. 4A).
The distal view of the limb buds revealed another striking
feature of Ft/Ft forelimb buds as we detected a splitting of
the Fgf-8 expression domain. The two stripes of Fgf-8
transcription additionally showed multiple interruptions in
the anterior and central part (Fig. 4B). Next, we investigated
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FIG. 1. Morphology of Ft/Ft limb buds. (A–C) Ft/Ft limb buds at the bottom and the corresponding wild-type controls on the top. (A)
Cartilage staining of E14.5 limb buds shows the dramatic distal truncations of condensations in the Ft/Ft forelimb autopod. Only the
posterior digit anlage seems to be rather normally formed and towers above the other anlagen in length (arrow). An accumulation of cells
is visible at the distal tip of the bud extending from the anterior edge to sharply before the posterior digit anlage. Note the abnormally bent
bones of the zeugopod. (B) E14.5 hindlimbs. In addition to the distal truncations of the autopod condensations, the loss of anterior skeletal
elements is evident in the zeugo as well as autopod. The tibia (arrow) and digits 1 and 2 are missing. A frequent feature of these limbs is
a marked accumulation of blood in the ectopic bulge of tissue. (C) Sox-9 expression in E13.5 hindlimb buds. Note the ectopic
Sox-9-expressing aggregates in the anterior/distal mesenchyme of the Ft/Ft limb. (D) Cross-section of an E14.5 Ft/Ft forelimb at the level
of the metacarpals; dorsal is up, anterior right. Note the duplication of the cartilage elements in the D/V axis. The number of these elements
exceeds five in the A/P axis. (E, F) Cross-sections through an E12.5 wild-type (E) and Ft/Ft limb bud (F). The duplication of the proximal
autopod elements is visible at this stage through staining for Noggin transcripts. (G–I) Hematoxylin/eosin stainings of cross-sections of
wild-type (G) and Ft/Ft limb buds (H, I). Dorsal is up, anterior right. The duplication of the metacarpals in Ft/Ft autopods can affect only
a single (H, asterisk) or multiple (I, compare with D, F) condensations. Note the broadening of the D/V axis caused by the ectopic tissue
especially in the anterior part (H, I). (K, L) 100-m vibratome sections; anterior is towards the top, distal to the right. Gdf-5 expression in
the developing joints of an E14.5 wild-type forelimb (K). (L) In the Ft/Ft limb, only the posterior digit shows the normal Gfd-5 expression,
the other digit anlagen are devoid of Gdf-5 transcripts. Note the ectopic interdigital expression of Gdf-5 and the irregular misplaced
condensations in the anterior/distal mesoderm.
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the expression of the Fgf-8 target gene Fgf-10 in order to
analyze whether the alterations in Fgf-8 expression were
associated with a concomitant downregulation of Fgf sig-
nalling in the distal mesoderm. Indeed, Fgf-10 transcripts
were significantly decreased in the distal mesoderm in Ft/Ft
limb buds (Fig. 4C). Thus, Fgf signalling is reduced in the
Ft/Ft autopod.
In order to analyze whether the loss of Fgf-8 expression in
the central part of the limb is indicative for a failure to
maintain the AER, we performed histologic sections as
indicated in Fig. 4A. A section through the anterior region
showed the normal appearance of the AER, whereas a
section through the central part where Fgf-8 is downregu-
lated (see Fig. 4A) revealed an absence of the typical AER
structure in this region (Figs. 4D and 4E). Thus, the down-
regulation of Fgf-8 expression is connected to a premature
degeneration of the AER in the respective region. In the
anterior part where the splitting of the Fgf-8 expression
domain is observed (Fig. 4B), we could not detect any sign
for a morphological splitting of the AER (Fig. 4D). Thus, it
seems that the medial part of the AER looses Fgf-8 tran-
scripts, which instead persist in two lateral stripes in this
region.
As Fgf and Bmp signalling have been described to act
antagonistically in the vertebrate limb (Buckland et al.,
1998; Macias et al., 1999), we aimed to analyze potential
alterations in Bmp signalling in the mutant limb buds. As
shown in Fig. 4F, the expression of Bmp-4 was upregulated
in the anterior and distal mesoderm at E11.5 in Ft/Ft limb
buds. This alteration was accompanied by increased Bmp
FIG. 2. Anterior mesoderm specification in Ft/Ft hindlimb buds. (A) Dorsal view of E10.25 wild-type (left) and Ft/Ft (right) hindlimb buds
stained for Alx-4 expression. No alterations in the Alx-4 pattern can be observed in the mutant limbs. (B) Dorsal view of E11.5 hindlimbs
(top, wild-type; bottom, Ft/Ft). The expression of Alx-4 is markedly reduced in the mutant hindlimbs (arrows). Moreover, the distal part of
the Alx-4 expression domain is completely lacking. (C) Pax-9 is normally expressed in E11.5 Ft/Ft forelimb buds (FL, bottom). (D) The
expression domain of Pax-9 in the anterior mesoderm is missing in E11.5 Ft/Ft hindlimb buds (HL, arrow). (E) dHAND is normally
expressed in E10.5 Ft/Ft hindlimb buds (right).
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signalling activity as shown by the drastic upregulation of
the Bmp target gene Msx-2. At E12.5, the gene was highly
transcribed in the distal autopod leading to a connection of
the interdigital expression domains (Fig. 4G). This feature
was particularly pronounced in the anterior part of the
mutant limb (Fig. 4G).
The desintegrity of the AER might also disturb the
maintenance of the border between dorsal and ventral
territories in the affected region. For this reason, we ana-
lyzed the expression of Lmx-1b, which is specifically ex-
pressed in the dorsal mesoderm in the wild type (Fig. 4H). In
the mutant forelimb buds, we detected ectopic transcrip-
tion of Lmx-1b in the ventral mesoderm at the anterior edge
(Fig. 4H). This region corresponds to the area in which the
splitting of the Fgf-8 expression domain was observed
(compare with Fig. 4B).
Thus, besides alterations in Fgf and Bmp signalling, the
maintenance of the D/V border is affected in Ft/Ft forelimb
buds.
Dickkopf-1 Expression and PCD in Ft/Ft Limbs
Dickkopf-1 (Dkk-1), a gene coding for a potent inhibitor
of the Wnt/-catenin pathway, is specifically expressed in
the regions of PCD during mouse and chick limb develop-
ment and plays an important role in the modulation of
Bmp-triggered apoptosis in these areas (Grotewold et al.,
1999; Mukhopadhyay et al., 2001; Grotewold and Ru¨ther,
2002a,b). As Dkk-1 is induced by an apoptosis-inducing
Bmp signal (Grotewold and Ru¨ther, 2002a), we analyzed its
expression and the extent of cell death in Ft/Ft limb buds.
At E11.5, when Dkk-1 is normally expressed in the poste-
rior necrotic zone and the AER (Fig. 5A), we found a strong
ectopic expression domain in the distal mesoderm in Ft/Ft
forelimb buds (Fig. 5B). This upregulation was even more
dramatic at E12.5 when Dkk-1 was expressed slightly in the
interdigital mesenchyme of wild-type limb buds (Figs. 5C
and 5D). In the Ft/Ft limb buds, the area of Dkk-1 transcrip-
tion covered the complete distal autopod, only the
posterior-most region was devoid of Dkk-1 transcripts (Fig.
5D). We next analyzed the extent of PCD in the Ft/Ft
autopod by TUNEL staining. A cross-section of the distal
Ft/Ft autopod (as indicated in Fig. 5D) revealed that the vast
majority of mesodermal cells underwent apoptosis at this
time point (Fig. 5E). The ectodermal cells in this region,
however, which do not express Dkk-1, were viable. A
control section proximal to the Dkk-1 expression domain
revealed that the mesodermal cells were viable in this area
(Fig. 5F). Thus, the massively increased expression of Dkk-1
is accompanied by extensive PCD in the Ft/Ft limb bud.
Shh-Responsive Genes Are Misexpressed in Ft/Ft
Limb Buds
As shown in Fig. 1D, the number of digital elements can
exceed five with respect to the A/P axis in Ft/Ft limbs. We
analyzed the expression of Shh which is an important
determinant of the number of digits that develop along this
axis in order to investigate whether changes in Shh tran-
scription might account for this phenotype. In the wild-type
limb bud, Shh transcripts are confined to the ZPA residing
within the posterior mesoderm at E11.5 (Fig. 6A). In the
Ft/Ft forelimb buds, a marked anterior elongation of the
Shh expression domain could be observed in the distal
mesoderm underlying the AER (Fig. 6A). This feature was
found in all forelimbs examined with only minor differ-
ences in the width of the region expressing Shh ectopically.
In severe cases, this domain covered about two-thirds of the
length of the A/P axis. In contrast, the expression of Shh
seemed to be slightly reduced in its normal domain in the
mutant limbs (Fig. 6A). Next, we performed double stain-
ings for Shh and Fgf-8 transcripts to analyze the relationship
between the regions of polarizing activity and the AER.
This analysis revealed two further interesting features of
the homozygous mutant limb buds. In the wild type, the
posterior end point of the AER is almost identical to the
proximal edge of the Shh expression domain at E11.5 (Fig.
6B). In the Ft/Ft limb bud, however, a remarkably greater
distance lies between these two points (Fig. 6B). Further-
more, the Fgf-8 and Shh expression domains are in imme-
diate contact with each other in the wild type (Fig. 6C). In
the mutant, the ventral part of the Shh expression domain
shifts apart from the AER to leave a gap of non-Shh-
expressing cells in the distal mesoderm between the AER
and the ZPA (Fig. 6C). Thus, the ZPA is displaced with
respect to the AER in Ft/Ft limb buds.
To analyze whether the alterations in Shh expression
caused a subsequent increase in Shh signalling activity, we
investigated the expression of several Shh target genes. The
induction of Ptc-1 is a landmark of cells receiving a signal
from any ligand of the Hh-family (Perrimon, 1995;
Goodrich et al., 1996). Indeed, transcription of Ptc-1 was
not only upregulated but also clearly expanded towards
anterior in Ft/Ft limb buds (Fig. 6D). Moreover, the expres-
sion of dHAND, which represents a crucial component of
the A/P patterning system and responds to Shh (Charite´ et
al., 2000; Fernandez-Teran et al., 2000), was examined. As
early as E10.5, changes in the expression of this gene could
be observed. At this time point, dHAND transcripts ex-
tended into the anterior/distal mesoderm, which is nor-
mally devoid of dHAND expression. As noted for Shh, also
dHAND expression seemed to be slightly weaker in its
normal posterior domain (Fig. 6E). At E12.5, ectopic activa-
tion of the gene could be observed in the anterior mesoderm
of mutant forelimb buds (Fig. 6F). Gremlin, which responds
to enhanced Shh signalling (Merino et al., 1999), was
upregulated and expanded anteriorly in Ft/Ft limbs at E12.0
(Fig. 6G) and also Tbx-2 was ectopically transcribed at the
anterior margin in these limb buds (Fig. 6H). Thus, a
number of Shh-responsive genes are misexpressed in Ft/Ft
forelimb buds, indicating that the ectopic Shh transcription
leads to an ectopic activation of the Shh signalling pathway.
Strikingly, some of these genes are also activated at the
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anterior edge of the forelimb, although no ectopic Shh
transcripts could be detected here.
DISCUSSION
Homozygous Ft embryos display a complex limb pheno-
type which comprises A/P as well as D/V polydactyly.
Moreover, the distal autopod is malformed due to an
accumulation of cells and the digit anlagen are truncated.
We detected alterations in the signalling activity of the Shh,
Bmp, and Fgf pathways which likely account for the ob-
served alterations of limb morphogenesis.
The Role of Ft in Hindlimb Morphogenesis
A specific feature of the Ft/Ft hindlimbs is the loss of
anterior skeletal elements, including the tibia and digits 1
 2. Our gene expression analyses of Alx-4 and Pax-9
indicate that specification of the anterior mesoderm occurs;
however, a great part of this tissue is not maintained after
E10.5. Tibial agenesis has also been noted in mice overex-
pressing dHAND or HoxB-8 in the limb mesoderm (Charite´
et al., 1994, 2000). Thus, one could have expected an
expansion of the dHAND expression domain in Ft/Ft hind-
limbs. This was, however, not the case. We postulate that
also alterations in HoxB-8 expression are unlikely because
of the fact that in both, mice overexpressing dHAND or
HoxB-8, respectively, tibial agenesis is accompanied by
preaxial polydactyly (Charite´ et al., 1994, 2000). This rep-
resents a dramatic difference to the situation in Ft/Ft
hindlimbs where anterior digits are missing. An alternative
explanation for tibial agenesis would be ectopic PCD. We
could, however, not detect a change in the normal pattern
and amount of PCD in Ft/Ft hindlimbs at the relevant
stages by TUNEL staining (data not shown). Thus, the
reason for the loss of a part of the anterior mesoderm
remains unclear.
A phenotype comparable to Ft/Ft hindlimbs has been
described in Dh/Dh mutant limb buds as these mice lack
the tibia and digits 1  2 (Lettice et al.,1999). As the
expression of Alx-4 and Msx-1 is missing in the anterior
mesoderm in this mutant, the authors concluded that Dh
acts early on the determination of the width of the hind-
limb. This feature is different to the situation in the Ft
mutant embryos where Alx-4 and Msx-1 expression are
initially normal (see above, and data not shown). Thus,
tibial agenesis in Ft/Ft, Dh/Dh, and transgenic embryos
overexpressing dHAND or HoxB-8 seems to arise from
different mechanisms.
D/V Polydactyly in Ft/Ft Limb Buds
The D/V duplication of the metacarpals in Ft/Ft fore-
limbs represents an unusual type of polydactyly which has
not been described in any other mouse mutant before. This
feature is apparent in 80% of the mutant forelimbs and
usually affects all proximal autopod elements present. In
some cases, the duplication of just one digit anlage could be
observed. These alterations implicated a defect in D/V
patterning as also in En-1/ mice an ectopic ventral digit
has been detected (Loomis et al., 1996). An extensive
duplication of more digit anlagen as we have found in Ft/Ft
autopods, however, has not been described in the En-1/
mutants. Lmx-1b is repressed by En-1 during normal limb
development (Logan et al., 1997). Lmx-1b is, however, only
misexpressed at the anterior margin of Ft/Ft forelimb buds,
which can thus not explain the duplication of the more
posterior digit anlagen. This altered Lmx-1b expression
pattern might rather reflect the disturbed AER function
which prevents the D/V boundary to be maintained in this
region. In the residual part of the limb, the D/V pattern
seems to be normal as judged from the Lmx-1b expression
data. Thus, we could not find evidence for an extensive
ventral-to-dorsal transformation of the limb mesoderm.
Rather, enhanced proliferation in the distal-most meso-
FIG. 3. Wnt-5a expression in Ft/Ft forelimb buds. Upper row shows wild-type controls, anterior is towards the top, distal to the right. (A)
At E12.0, Wnt-5a is expressed in the distal mesoderm of the limb buds. Arrow marks the anterior border of Wnt-5a transcription in the
wild-type. Note the anterior extension of this expression domain in the Ft/Ft limb. (B) At E12.5, Wnt-5a expression is significantly
upregulated in the distal mesoderm of the Ft/Ft limb bud and activated ectopically in the anterior-most part (black arrow). Note that the
posterior-most part is devoid of Wnt-5a transcripts in the mutant (red arrow).
FIG. 4. Alterations in AER structure, Bmp and Fgf signalling, and Lmx-1b expression. (A) Dorsal views; distal is towards the right. Fgf-8
expression is downregulated in the central part of the AER in E11.5 Ft/Ft forelimb buds (white arrows). In contrast, its expression is normal
in the posterior AER and even upregulated in the anterior part (red arrowhead). A wild-type control is shown at the top. (B) Anterior/distal
views of E11.5 wild-type (right) and Ft/Ft (left) limb buds stained for Fgf-8 expression. Note the splitting of the Fgf-8 expression domain in
the mutant limb. C) Fgf-10 expression is downregulated in the distal mesoderm of E11.5 Ft/Ft limb buds (bottom). (D, E) Hematoxylin and
eosin-stained sections through E11.5 Ft/Ft forelimb buds at the levels indicated in (A). While a normal AER structure is observed in the
anterior part (D, arrows), no sign for a typical AER structure can be observed in the central part of the limb bud (E, arrows). (F) Bmp-4 is
upregulated in the anterior and distal mesoderm of E11.5 Ft/Ft forelimb buds (bottom). (G) Msx-2 expression is upregulated in E12.5 Ft/Ft
forelimb buds leading to a connection of the interdigital expression domains. This feature is particularly pronounced in the anterior part
of the limb bud (arrowheads). (H) Anterior views; dorsal (d) is towards the right. Lmx-1b is ectopically activated in the anterior ventral (v)
mesoderm of an E11.5 Ft/Ft forelimb bud (arrows).
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derm which leads to an accumulation of cells and a subse-
quent broadening of the D/V axis (see below) might be the
cause of the D/V polydactyly. Moreover, the splitting of the
Fgf-8 expression domain might contribute to this pheno-
type as the functionally redundant Fgf-4 has been shown to
act positively on the branching of cartilage elements in the
mouse autopod (Ngo-Muller and Muneoka, 2000).
The Shh/Fgf Feedback Loop and A/P Polydactyly in
Ft/Ft Limb Buds
The fact that the number of condensations can exceed
five in the A/P axis in Ft/Ft forelimb buds can be explained
by the drastic expansion of the expression domains of Shh,
dHAND, and Ptc-1. Interestingly, a number of Shh-
responsive genes are misexpressed at the anterior margin of
Ft/Ft limb buds without detectable ectopic Shh expression
in this region. One explanation for that might be that
another member of the Hh family is misexpressed here as it
is the case for Ihh in the polydactylous Dbf mutant (Yang et
al., 1998). This, however, seems unlikely as a hallmark of
cells exposed to any Hh family member ligand is the
immediate upregulation of Ptc-1 expression (Perrimon,
1995; Goodrich et al., 1996). Ptc-1 is, however, only misex-
pressed in a region corresponding to the expanded Shh
expression domain but not at the anterior margin of Ft/Ft
forelimb buds. Thus, we prefer the interpretation that the
ectopic expression of Shh target genes is caused by the
anteriorly expanded and upregulated transcription of Grem-
lin. The Gremlin-mediated inhibition of Bmp signalling
would allow for the expression or upregulation of Fgf-4 and
Fgf-8, respectively, in the anterior AER. The overexpression
of Gremlin has also been suggested to cause the ectopic
activation of Fgf-4 in transgenic mice expressing a consti-
tutively active form of BmpR-Ib in the limb buds (Zhang et
al., 2000). This mechanism would thus recapitulate the
initial Shh-independent processes of ZPA establishment
and A/P asymmetry (Zuniga et al., 1999). Then, however,
Shh, which is necessary for the maintenance of this regu-
latory loop, is not induced in the anterior mesoderm of Ft/Ft
limb buds probably because of a functional program that
normally prevents the anterior activation of Shh. Thus,
despite active Shh target genes, no classical preaxial poly-
dactyly develops in the Ft/Ft mutant forelimbs. Interest-
ingly, we detected a little ectopic Shh expression domain at
the anterior margin in Ft/Ft hindlimb buds (data not
shown). This distinction might be explained by potential
differences in the competence of mesodermal cells to in-
duce Shh in response to ectopic Fgf activity in fore- vs
hindlimbs (Wada and Nohno, 2001).
Deregulated Control of Proliferation and PCD in
Ft/Ft Autopods
A striking feature of Ft/Ft limb buds is the ectopic bulge
of tissue in the distal part of the autopod extending over the
complete A/P axis except for the posterior digit anlage.
Additionally, severe distal truncations including all phalan-
geal elements could be observed. A comparable phenotype
has been observed in transgenic mice expressing Wnt-1
ectopically in the developing limb (Zakany and Duboule,
1993). These mice also showed the loss of distal phalanges
as well as an ectopic accumulation of proliferating meso-
dermal cells in the distal part. The authors suggested the
massive increase of proliferation to be the cause of the
inability of the affected cells to participate in normal
skeletal development (Zakany and Duboule, 1993). Thus,
increased proliferation might also be the basis for the
malformations observed in Ft/Ft autopods. This assump-
tion is supported by the alterations of the expression
patterns of Shh, dHAND, and Wnt-5a in early Ft/Ft limb
buds. dHAND has been postulated to rescue cells from
FIG. 5. Dkk-1 expression and PCD in Ft/Ft forelimb buds. (A) Dkk-1 expression in an E11.5 wild-type limb bud in the posterior
mesenchyme and the AER. (B) Ectopic activation of Dkk-1 in the distal mesoderm of an E11.5 Ft/Ft limb. (C) Wild-type expression of Dkk-1
at E12.5 in the interdigital mesenchyme. (D) Massive ectopic upregulation of Dkk-1 in the distal Ft/Ft autopod. Lines indicate the level of
the sections shown in (E) and (F), respectively. (E) TUNEL staining of a cross section through the distal part of an E12.5 Ft/Ft autopod (see
D). The brownish staining shows that the vast majority of mesodermal cells undergoes apoptosis at this time point. Note that the
ectodermal cells are viable (green staining, arrowheads). (F) TUNEL staining of a control section of an E12.5 Ft/Ft autopod proximal to the
ectopic Dkk-1 expression domain (see D). Mesodermal cells are viable in this part.
FIG. 6. Expression of Shh and Shh-responsive genes in Ft/Ft forelimb buds. Except for (C), all panels show dorsal views of a wild-type (top)
and Ft/Ft limb bud (bottom). Anterior is towards the top of the figure. (A) Shh expression is restricted to the ZPA in an E11.5 wild-type
control. In the Ft/Ft limb bud, Shh transcription significantly extends towards anterior (arrowhead). In its normal expression domain, Shh
is slightly reduced. (B) Double staining for Shh and Fgf-8 transcripts in E11.5 limb buds. Arrowheads mark the posterior end of the AER.
Note the greater distance between this point and the proximal end point of the ZPA in the Ft/Ft limb. Also, the distal downregulation of
Fgf-8 and the anterior expansion of Shh expression are visible. (C) Ventral views of E11.5 limb buds stained for Shh and Fgf-8 expression.
In the wild type, the expression domains are in immediate vicinity to each other. In the Ft/Ft limb bud a gap of non-Shh-expressing cells
is detectable between the ventral part of the ZPA and the AER (arrow). (D) Ptc-1 transcription is upregulated and expanded anteriorly in
the E11.5 Ft/Ft limb. (E) dHAND expression is extended anteriorly in the distal mesoderm of an E10.5 Ft/Ft limb bud (arrow). In the
posterior domain dHAND transcription is slightly reduced. (F) At E12.5, ectopic dHAND transcription can be detected in the anterior
mesoderm (arrow). (G) Gremlin expression is upregulated and expanded anteriorly in the E12.0 Ft/Ft limb bud. (H) Ectopic transcription of
Tbx-2 at E12.5 in Ft/Ft limb bud in the anterior mesoderm (arrow).
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undergoing PCD (Cohn, 2000). Thus, a consequence of the
early ectopic transcription could be that mesodermal cells
which would normally be eliminated by apoptosis continue
to proliferate. Also, Shh is misexpressed starting at E11.5 in
the distal mesoderm. In all parts of the developing limb,
with exception of the posterior necrotic zone, enhanced Shh
activity is a strong mitogenic signal (Duprez et al., 1998;
Sanz-Ezquerro and Tickle, 2000). Moreover, dHAND and
Shh act positively on the expression of each other (Charite´
et al., 2000; Fernandez-Teran et al., 2000). Thus, the syn-
ergy of these mechanisms might be the basis for the ectopic
tissue that broadens the D/V diameter of the distal Ft/Ft
autopod. It should be noted, however, that overexpression
of dHAND with resulting ectopic Shh expression is not
sufficient to cause a comparable phenotype (Charite´ et al.,
2000). Thus, additional mechanisms must contribute to
this phenomenon in Ft/Ft limb buds. The massively in-
creased expression of Wnt-5a, loss-of-function of which
leads to decreased proliferation of mesodermal precursors of
the limb (Yamaguchi et al., 1999), might provide such
additional contribution to the observed effects. Strikingly,
the posterior-most part of the Ft/Ft autopod, which devel-
ops apparently normal, is devoid of Wnt-5a transcripts.
Consistent with this interpretation, overexpression of
Wnt-5a in chick limb buds leads to a reduction of skeletal
elements (Kawakami et al., 1999; Hartmann and Tabin,
2000).
Later, the vast majority of mesodermal cells within the
distal Ft/Ft autopod undergoes PCD, which is likely to be
caused by the massive upregulation of Bmp-4 and Dkk-1.
As we have shown previously, an apoptosis-inducing Bmp
signal rapidly induces the expression of Dkk-1 which en-
hances the PCD-promoting effect of Bmp (Grotewold and
Ru¨ther, 2002a). Both, Bmp-4 and Dkk-1 are overexpressed
in overlapping domains in the Ft/Ft autopod and their
ectopic activation precedes the appearance of enhanced
PCD. Moreover, the massive apoptosis of mesodermal cells
in the distal Ft/Ft autopod at E12.5 coincides with the
extensive ectopic upregulation of Dkk-1 transcription. In
contrast, the ectodermal cells in this region, which do not
express Dkk-1, are viable. The upregulation of Dkk-1 ex-
pression might also be connected to the premature loss of
Fgf-8 transcripts from the distal part of the AER in Ft/Ft
limb buds. Overexpression of Dkk-1 using an adenoviral
vector in the chicken limb bud leads to a downregulation of
Fgf-8 transcription in the AER (Mukhopadhyay et al., 2001).
Consistently, the loss of Dkk-1 function causes an upregu-
lation of Fgf-8 expression in the mouse (Mukhopadhyay et
al., 2001). Remarkably, the area of Dkk-1 upregulation in
the mesoderm of Ft/Ft limb buds at E11.5 corresponds well
to the region showing reduced Fgf-8 expression in the
overlying AER. This implies that also in mouse limb buds,
Wnt/-catenin signals might act upstream of Fgf-8 to main-
tain the AER as has been shown for the chicken (Kawakami
et al., 2001). Another contributing factor to the failure to
maintain the AER and Fgf-8 expression might be the appar-
ent downregulation of Shh in its normal domain. This loss
of the strong proliferative Fgf signals acts synergistically
with the enhanced PCD induced by Bmp-4 and Dkk-1. This
suggests that the initial proliferation-promoting system
comprised of Shh, dHAND, and Wnt-5a is later on overri-
den by the PCD-inducing activities of Bmp-4 and Dkk-1.
Thus, the distal malformations of Ft/Ft autopods, including
the D/V broadening and the truncations of skeletal ele-
ments, are likely to be caused by an imbalance between the
genetic programs regulating proliferation and PCD.
In conclusion, we observed a very complex limb pheno-
type affecting all three axes in embryos homozygous for the
Ft mutation. We presented evidence that enhanced prolif-
eration of mesodermal cells in the early phase of Ft/Ft limb
development disturbs the patterning of the distal autopod.
These alterations are subsequently followed by a loss of
AER function and increased PCD. Thus, Ft/Ft embryos
clearly indicate that an impaired balance between prolifera-
tion and PCD interferes with normal patterning of the
vertebrate limb. Finally, the nature of the Ft mutation
might implicate a crucial role for members of the Irx gene
family in controlling several aspects of vertebrate limb
development which, however, needs further detailed ex-
perimental proof.
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